Microtubules, the dynamic, yet stiff hollow tubes built from αβ-tubulin protein heterodimers, are thought to be present only in eukaryotic cells. Here, we report a 3.6-Å helical reconstruction electron cryomicroscopy structure of four-stranded mini microtubules formed by bacterial tubulin-like Prosthecobacter dejongeii BtubAB proteins. Despite their much smaller diameter, mini microtubules share many key structural features with eukaryotic microtubules, such as an M-loop, alternating subunits, and a seam that breaks overall helical symmetry. Using in vitro total internal reflection fluorescence microscopy, we show that bacterial mini microtubules treadmill and display dynamic instability, another hallmark of eukaryotic microtubules. The third protein in the btub gene cluster, BtubC, previously known as "bacterial kinesin light chain," binds along protofilaments every 8 nm, inhibits BtubAB mini microtubule catastrophe, and increases rescue. Our work reveals that some bacteria contain regulated and dynamic cytomotive microtubule systems that were once thought to be only useful in much larger and sophisticated eukaryotic cells.
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subtomogram averaging E ukaryotic microtubules are formed by the polymerization of αβ-tubulin protein heterodimers (1) (2) (3) (4) . Stabilized microtubules provide tracks for cellular cargo, and dynamic instability, the alternation between slow growth and fast shrinkage, is crucial for spindle function during mitosis (5) . Although microtubules were thought to be absent from other organisms, it has been shown that certain bacterial Prosthecobacter species contain BtubAB proteins that are closely related to tubulin (6, 7) and that also form hollow tubes (8) .
No other prokaryotic tubulin-like proteins, such as FtsZ or TubZ, form cylindrical protofilament-containing microtubules with a B lattice, an A-lattice seam, and dynamic instability (9) . How related BtubAB filaments and microtubules are, and the consequences of binding of the third gene in the btub gene cluster (6, 10) , have remained unclear.
We produced unmodified Prosthecobacter dejongeii BtubAB proteins (6) in Escherichia coli, where they are known to fold easily (7) , in contrast to eukaryotic αβ-tubulin. As was found previously, when GTP is added to BtubAB, long, straight, and hollow tubes were observed by electron cryomicroscopy (cryoEM) (Fig. 1A) (7, 8) . Our images showed gently twisting, apparently helical, filaments that are ∼14 nm wide.
When performing 2D classification of filament segments in RELION (11) , classes emerged that were not compatible with the previous suggestion that BtubAB tubes contain five protofilaments (8) (Fig. 1A, Inset) . To determine the protofilament number of the filaments unambiguously, we performed electron cryotomography (cryoET) (Fig. 1B and Movie S1) with subsequent reference-free subtomogram averaging (12) (Fig. 1C) . It is clear from the tomograms and from the subtomogram average (Movie S1 and Fig. 1C ) that the tubes contain four protofilaments, and this arrangement is compatible with the 2D class average from cryoEM (Fig. 1A, Inset) . The discrepancy we found with previous estimations of the BtubAB protofilament number, 4 versus 5, might reflect differences in conditions (in vitro versus in vivo) or could be related to the low resolution currently attainable with the method of electron tomography of entire cells as was used previously (8) .
Approximate helical parameters were deduced by manual inspection of the subtomogram-averaged map (Fig. 1C) and were used to obtain a 4.2-Å map of the filaments through iterative helical real space reconstruction (13) in RELION (Fig. S1 ). Refined helical parameters were: twist −90.7°and rise 10.4 Å. These symmetry operators averaged BtubA and BtubB map regions and, hence, indicated that the overall structure is not helical, as explained in Fig. 1G . Applying the twist and rise four times around the tube means that the nature of the subunits must change from BtubA to B or B to A. This is a well-known feature of eukaryotic microtubules, named the seam, where the otherwise B-lattice (A-A and B-B lateral contacts) changes into A lattice, with A-B contacts (14, 15) .
The alternating arrangement of BtubAB subunits means, to obtain a correct reconstruction and structure, only helical symmetry along one protofilament must be applied (twist ∼ -5.6°, rise ∼80 Å), and the reconstruction algorithm must be able to distinguish BtubA and BtubB. Because BtubA and BtubB are extremely similar in structure (7), we needed to add a feature to the BtubAB filaments that could mark the 8-nm heterodimer repeat along each protofilament. Our attention turned to the third gene in the btub gene cluster, bacterial kinesin light chain, bklc (6), or btubC, as explained below. Using pelleting assays we found that P. dejongeii BtubC, expressed in E. coli and purified with a tag, binds to BtubAB filaments in stoichiometric fashion ( Fig. 1D and Fig. S2) as was also reported elsewhere, recently (10) . Adding more BtubC beyond the number of BtubAB heterodimers in the filaments did not significantly increase the amount of BtubC that spun down. Encouraged by this we performed again cryoEM with subsequent 2D classification, clearly showing that BtubC binds every 8 nm, to each BtubAB heterodimer, on the outside of the filaments ( Fig. 1 E and E, Inset).
Because BtubC shows sequence similarity to the TPR domain of eukaryotic kinesin light chain (that does not bind to microtubules), we solved the crystal structure of BtubC from Prosthecobacter vanneervenii BtubC (76% sequence identity to P. dejongeii BtubC) at 2.5-Å resolution by mercury single anomalous diffraction (SAD) (Fig. 1F and Table S1 ). The structure shows the expected curved TPR repeat fold, containing 11 helices and a C-terminal tail beyond residue 238. When comparing the BtubC structure to all known protein structures, it became clear that BtubC is as similar to TPR domains from eukaryotic kinesin light chains as to many other TPR domains such as MamA (Fig. 1F,  Right) . Given the organization of btubABC into a likely operon (6, 16) , the fact that BtubC binds to BtubAB filaments (10) and the misleading appearance of the term kinesin in its previous BKLC name, we decided to rename the protein BtubC.
We performed iterative helical real space reconstruction in RELION from BtubABC filament cryoEM images as depicted in Fig. 1E (Table S1 , refined helical parameters twist -5.54°, rise 79.3 Å). The resulting density map at 3.6 Å [as determined by gold standard Fourier shell correlation (FSC), Fig. S3A ] was of excellent quality, allowing the fitting and all-atom refinement of previous crystal structures of BtubA and BtubB (7) against the best part of the filament density ( Fig. 2 C and D, Fig. S3B , and Movie S2). Manual assignment of BtubA and BtubB to their corresponding map regions was enabled by many side chain differences between the otherwise similar structures (Fig. S4) . Density was less good for BtubC and its structure was from a different organism (Pv versus Pd, Table S1 ), so we fitted the BtubC crystal structure as a rigid body only. Expanding symmetry yielded a complete atomic model of the BtubABC filaments ( Fig. 2 A and B) . The structure contains four protofilaments that arrange into a gently twisting hollow tube. Along three protofilament interfaces, lateral contacts form a B-lattice with A-A and B-B contacts (Fig. 2B, Right) , whereas along the seam, A-B contacts form an A lattice (Fig. 2B, Left) . The protofilaments are ∼90°rotated against each other. The contacts between protofilaments are exclusively mediated by a loop that has been named M-loop in tubulin because it facilitates microtubule formation through a similar contact (Fig. 2 E and F) (3) . The M loop in BtubB is not ordered in our cryoEM map and is unlikely to form a contact, leaving only contacts made by BtubA's M-loop to bind the filaments together. The contacts made along the A (seam) and B lattices are similar, despite containing different partners. A superposition of M loops holding microtubules and BtubAB mini microtubules together shows segments of similar size and shape but also that the contacts are quite different at the secondary structure and side chain level. The differences at secondary structure and side chain level probably enable a change in interprotofilament angle from 27.7°in 13-protofilament microtubules to 90°in BtubAB mini microtubules (Fig. S5) . In mini microtubules, both BtubA and BtubB are GDP-bound as deduced by inspecting the cryoEM density map ( Fig. 2 G and H) , in contrast to tubulin, which forms a stable heterodimer because α-tubulin is always bound to nonexchangeable GTP. BtubC binds to the outside of the BtubAB filaments ( Fig. 2A ) and contacts predominantly BtubB (Fig. 2I ), including at the seam. The N-terminal helices of BtubC contact BtubB, but there are some minor additional contacts to the other subunits surrounding the interface. The structure of BtubABC mini microtubules is best appreciated by inspecting Movie S3. Because the BtubAB filament structure showed strong similarities to eukaryotic microtubules, despite being very different in diameter, we investigated the dynamic properties of BtubAB by total internal reflection fluorescence (TIRF) fluorescence microscopy. The experimental setups are shown in Fig. 3 A and C and discussed in Materials and Methods. In single-color TIRF experiments, upon addition of GTP, BtubAB filaments grew into long, rigid filaments with little bundling propensity, but also showed directed movement of smaller filaments (Movie S4). The movement could be completely abolished by the addition of GTP-γ-S, a slowly hydrolysable GTP analog (Movie S5). A two-color experiment highlighted that the movement was caused by treadmilling, the addition of subunits at one end (the plus end) and loss of subunits at the other end (the minus end) (Fig. 3B and Movies S6 and S7). In this experiment, both magenta and green filaments were dynamic (GTP added), but the magenta filaments were grown first, after which green subunits were added, so that green filaments were seeded on the older, magenta filaments. Filaments disassembled from the magenta (old) end only, marking the minus ends, whereas growth appeared exclusively at the green ends, marking the plus ends. We noted that sometimes filaments would rapidly depolymerize from the plus ends (Fig. 3B , Right and Movie S7), possibly indicating dynamic instability, one of the hallmarks of eukaryotic microtubule behavior (5) . Dynamic instability is the rapid, or catastrophic, disassembly of a cytomotive filament when the protective cap of triphosphate nucleotide-bound subunits has disappeared because nucleotide hydrolysis within the filament caught up with filament growth, reaching the terminal subunits at the plus end. So we performed another dual-color experiment, this time starting with magenta seeds that had been stabilized by adding GMPCPP, another slowly-hydrolysable GTP analog ( Fig. 3D and Movie S8). Because the magenta seeds were not dynamic, long runs of green filament extensions at the plus ends could be observed. The green extensions displayed many rounds of catastrophe and repolymerization, termed rescue. The rate of growth was 0.38 μm·min
, which is only slightly outside the reported range of mammalian microtubule growth rates of 0.20-0.33 μm·min (17, 18) . We analyzed the times between catastrophe events and the extension length at which catastrophe occurred and plotted these distributions in cumulative plots (Fig.  3E ). As expected, catastrophe time did not depend on protein concentration because it is a zero order event, but catastrophe length varied with BtubAB concentration because of the change in growth velocities (Fig. 3F) . Generally, the shape of the distribution of catastrophe times may deviate from one caused by a simple exponential decay if more than one step is needed to cause catastrophe. In that case, the reaction kinetics of catastrophe lead to an aging process, in which older filaments are more likely to experience catastrophe (19) . When performing this analysis on our data, it became clear that BtubAB filament catastrophe time distributions were best fitted with a gamma function describing such behavior (Fig. S6 A and B) , resembling complex dynamic behavior of eukaryotic microtubules for which catastrophes are best described as a multistep process.
Finally, we asked what, if any, influence BtubC had on the dynamic properties of BtubAB filaments (Fig. 4A ). Even at substoichiometric ratios, BtubAB filaments showed markedly reduced catastrophes but increased rescues from the GDP/GTP (green) ends of the filament with the result that close to stoichiometry, the filaments were fully stabilized and simply grew and were nondynamic ( (Fig. 4D ). Rescues increased roughly eightfold, meaning that BtubC may stabilize BtubAB filaments both through a reduction in catastrophe frequency but also through an increase in rescue frequency. As mentioned, in the BtubABC mini microtubules, BtubC binds mostly to BtubB but has also weaker interactions with at least two neighboring subunits along and across the to the observed changes in catastrophe length (E), meaning catastrophe is independent of growth rate.
protofilaments ( Fig. 2A and Movie S3). We propose that crosslinking subunits in the mini microtubule lattice might provide the additional stabilization needed to prevent depolymerization but might also lead to more effective polymerization and even nucleation. In summary, we think based on our results it is justified to call the filaments formed by BtubAB mini microtubules (Figs. S7-S9). Many striking similarities exist: The structure of the BtubAB heterodimer is closely related to αβ-tubulin (7), with the difference that both sites are exchangeable, capable of hydrolyzing GTP. Protofilaments contain alternating A and B subunits, as was suggested (7, 20) . Mini microtubules have overall polarity, with all subunits pointing in the same direction and M loops making the only lateral contacts linking protofilaments laterally to each other. They also have a seam, being mostly B-lattice with one row of A-lattice. Mini microtubules display dynamic instability with a complex aging cap, a hallmark of eukaryotic microtubules. Mini microtubule dynamics are regulated by an associated protein, BtubC, leading to stable, cytoskeletal rather than cytomotive filaments. The regulation of mini microtubules by BtubC is reminiscent of what certain microtubule associated proteins (MAPs), such as DCX, Clasp, and Mal3, do to microtubules (21) (22) (23) .
The most obvious structural difference between microtubules and BtubAB mini microtubules is the greatly reduced number of protofilaments, from 13 to 4, or possibly 5 if there exists a difference between tubes polymerized in vitro and in vivo (8) . We suggest that after the likely horizontal gene transfer of the btubABC genes from a eukaryotic organism (7, 16) (or, alternatively, its evolution from a primitive tubulin precursor) (24) , the size of the microtubules was reduced during subsequent evolution, possibly to fit better into the much smaller bacterial cells where they acquired a yet to be determined function. It will be especially interesting to see whether mini microtubules have a role in stalk formation in Prosthecobacter because they tend to be located there (8) and how regulation of filament dynamics by BtubC is used in the cellular context, especially because it was reported recently that BtubC might link mini microtubules to biological membranes (10) . In the meantime, BtubABC will provide an exciting biochemical tool for the detailed atomistic investigation of filament dynamics, including treadmilling and dynamic instability, and will also provide an exciting building block for synthetic biology approaches to molecular machines.
Materials and Methods
Plasmid Construction. To obtain a plasmid that codes for untagged proteins BtubA and BtubB from P. dejongeii DSM 12251 (PdBtubAB), a stop codon (TAA) was introduced before the C-terminal hexahistidine tag in the BtubAB bacterial T7 expression plasmid used (7) by Q5 mutagenesis (New England Biolabs). The plasmid maintains the intergenic region between BtubA and BtubB as present in the source genome. The gene btubC (previously known as the bacterial kinesin light chain BKLC) from P. dejongeii DSM 12251 was amplified from In the presence of BtubC at ratios 1:9 and 1:11, 92 ± 8.1% of catastrophes are followed by rescue, whereas without BtubC, this occurs in approximately 11 ± 4.7% of observed events. In summary, BtubC stabilizes BtubAB filaments by increasing rescue events and reducing catastrophe frequency.
genomic DNA and was cloned into vector pET15b by using Gibson Assembly (New England Biolabs). The resulting construct encoded an N-terminal hexahistidine tag followed by PdBtubC (MGSSHHHHHHSSGLLPRGSH-1-257). The synthesized gene (Integrated DNA Technologies, IDT) btubC (previously known as the bacterial kinesin light chain BKLC) from P. vanneervenii [National Center for Biotechnology Information (NCBI) nucleotide database ID code AM041148.3] was cloned into plasmid pHis17 by using Gibson Assembly (New England Biolabs), yielding the construct encoding P. vanneervenii BtubC (PvBtubC) followed by a C-terminal hexahistidine tag (1-256-KLHHHHHH).
Protein Expression and Purification. Untagged proteins BtubA and BtubB from P. dejongeii DSM 12251 were coexpressed and copurified by using a protocol adapted from described methods (7) . The plasmid encoding untagged BtubAB was used to transform C41(DE3) E. coli cells (Lucigen) by electroporation. Sixty milliliters of 2xTY media supplemented with 100 μg/mL ampicillin were inoculated with a single colony from the plate, and were grown at 200 rpm, 37°C overnight. The culture was then used to inoculate 6 L 2xTY media with 100 μg/mL ampicillin. After reaching an OD 600 of 0.6-1.0 at 200 rpm, 37°C, the expression was induced with 1 mM isopropyl β-D-thiogalactoside for 3 h at the same temperature, and the cells were harvested by centrifugation. The whole pellet was resuspended in 300 mL of buffer A (20 mM Tris/HCl, 1 mM sodium azide, 5 mM magnesium acetate, pH 8.5) containing DNase I, RNase A (Sigma), and EDTA-free protease inhibitor tablets (Roche). Cells were disrupted at 25 kPSI in a cell disruptor (Constant Systems), and the lysate was cleared by centrifugation at 35,000 rpm in a 45 Ti rotor (Beckman) for 25 min at 4°C. The cleared lysate was loaded onto a Q Sepharose HiLoad HP column (GE Healthcare), which was then washed with stepwise increases of NaCl in buffer A: 0, 100, 150, 250, 300, and 500 mM. The eluates were analyzed by SDS/PAGE, and the fractions containing BtubAB (mainly at 100 and 150 mM NaCl) were pooled and concentrated in Centriprep concentrators [30 kDa molecular weight cutoff (MWCO), Millipore]. The concentrated proteins were loaded onto a Sephacryl S300 26/60 column (GE Healthcare) equilibrated with buffer B (20 mM Tris/HCl, 1 mM sodium azide, 1 mM EDTA, pH 7.5). Fractions containing pure BtubAB as determined by SDS/PAGE were concentrated in Centriprep concentrators (30 kDa MWCO, Millipore) to 20 mg/mL and flash frozen in liquid nitrogen. P. dejongeii BtubC (PdBtubC, MGSSHHHHHHSSGLLPRGSH-1-257) was expressed in C41(DE3) cells the same way as described above for BtubAB. For purification, the entire pellet was resuspended in 250 mL of buffer C [50 mM Tris/HCl, 200 mM NaCl, 20 mM imidazole, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 1 mM sodium azide, pH 8.0] supplemented with DNase I, RNase A (Sigma), and EDTA-free protease inhibitor tablets (Roche). Cells were disrupted at 25 kPSI in a cell disruptor (Constant Systems), and the lysate was cleared by centrifugation at 35,000 rpm in a 45 Ti rotor (Beckman) for 25 min at 4°C. The cleared lysate was loaded onto a 5-mL HisTrap HP column (GE Healthcare) and was washed with stepwise increases of imidazole in buffer C: 0, 50, 100, 200, 500, and 1,000 mM. The elution was analyzed by SDS/PAGE, and the fractions containing PdBtubC (mostly at 100 mM imidazole) were pooled and concentrated in Centriprep concentrators (30 kDa MWCO, Millipore). The concentrated proteins were loaded onto a Sephacryl S200 26/ 60 column (GE Healthcare) equilibrated with buffer D (50 mM Tris/HCl, 200 mM NaCl, 1 mM TCEP, 1 mM sodium azide, 1 mM EDTA, pH 8.0). Fractions containing pure PdBtubC as determined by SDS/PAGE were concentrated in Centriprep concentrators (30 kDa MWCO, Millipore) to 10 mg/mL and flash frozen in liquid nitrogen.
PvBtubC (1-256-KLHHHHHH) was also expressed in C41(DE3) cells as described above for BtubAB. The entire pellet was resuspended in 200 mL of buffer E [50 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES)/NaOH, 500 mM NaCl, 20 mM Imidazole, 1 mM TCEP, 1 mM sodium azide, 5% (vol/vol) glycerol, pH 9.0] supplemented with DNase I, RNase A (Sigma), and EDTAfree protease inhibitor tablets (Roche). Cells were disrupted at 25 kpsi in a cell disruptor (Constant Systems), and the lysate was cleared by centrifugation at 35,000 rpm in a 45 Ti rotor (Beckman) for 25 min at 4°C. The cleared lysate was loaded onto a 5-mL HisTrap HP column (GE Healthcare) and was washed with stepwise increases of imidazole in buffer E: 0, 30, 100, 200, 500, and 1,000 mM. Eluates were analyzed by SDS/PAGE, and the fractions containing BtubC (mostly at 100 and 200 mM imidazole) were pooled and concentrated in Centriprep concentrators (30 kDa MWCO, Millipore). The concentrated proteins were loaded onto a Superdex 75 16/60 (GE Healthcare) equilibrated with buffer F [50 mM CHES/NaOH, 500 mM NaCl, 1 mM TCEP, 1 mM EDTA, 5% (vol/vol) glycerol, pH 9.0]. Fractions containing pure BtubC as determined by SDS/PAGE were concentrated in Centriprep concentrators (30 kDa MWCO, Millipore) to 20 mg/mL and flash frozen in liquid nitrogen.
Pelleting
in buffer containing 50 mM Hepes/NaOH (pH 7.5); 10 mM magnesium acetate; 100 mM potassium acetate; and 1 mM EGTA in a total volume of 120 μL. At the beginning, a 10-μL sample was taken from each reaction. For prespinning, all of the reactions were centrifuged at 50,000 rpm for 10 min at 10°C in a TLA100 rotor (Beckman), and a 10-μL sample was taken from the supernatant of each reaction. The supernatants after the prespin were used in subsequent pelleting assays, induced by the addition of 1 mM GTP, and after 10 min of incubation, at room temperature. The reactions were then centrifuged at 50,000 rpm for 20 min at 10°C in a TLA100 rotor (Beckman). The supernatant from each reaction was removed, and a sample of 10 μL was taken. Each pellet was resuspended in 100 μL of 0.1% (wt/vol) SDS solution, and a sample of 10 μL was taken. All of the 10-μL samples were analyzed by SDS/PAGE after adding the same amount of loading buffer.
CryoET Sample Preparation and Imaging. PdBtubAB was polymerized before being deposited on EM grids. The polymerization reaction contained 40 μM BtubAB (heterodimer: 40 μM BtubA and 40 μM BtubB coexpressed and copurified) in buffer containing 50 mM Hepes/NaOH (pH 7.7), 5 mM magnesium acetate, 100 mM potassium acetate, and 1 mM EGTA in a total volume of 50 μL. The reaction was induced by the addition of 1 mM GTP and was left for 10 min to incubate at room temperature. Protein A conjugated with 10-nm colloidal gold (Cell Microscopy Centre, Utrecht University) was added to the polymerization reaction at a ratio of 3:7 (gold:reaction, vol/vol) before 2.5 μL of the reaction was pipetted onto freshly glow-discharged Cu/Rh Quantifoil R2/2 200 mesh holey carbon grids (Quantifoil). The grids were blotted for 1.5 s with a blotting force of −15, a drain time of 0.5 s, and were flash frozen in liquid nitrogen-cooled liquid ethane by using an FEI Vitrobot Mark IV. The Vitrobot chamber was set to 10°C and 100% relative humidity. Electron cryotomographic data were collected on an FEI Krios microscope operated at 300 kV, and equipped with a Quantum energy filter (Gatan), which was set to 20 eV slit width around the zero loss peak. Data were acquired by using SerialEM software on a K2 direct electron detector in counting mode at a calibrated pixel size of 2.17 Å. Tilt series were typically collected ±60°with 3°tilt increment at 2.5-to 3-μm underfocus with a combined dose of approximately 80 e/Å 2 over the entire tilt series.
CryoET Data Analysis and Subtomogram Averaging. Tilt series were aligned and reconstructed in three dimensions by using the IMOD package. Subtomograms along BtubAB filaments were selected by using described methods (25) . Each subtomogram was extracted as a 3D volume by using RELION (11) , with a box size of 160 × 160 × 160 voxels. CTF estimation for each subtomogram was conducted with CTFFIND (26) . Finally, 3,338 particles (volumes) were used for RELION subtomogram averaging refinement (27) .
The resulting model was used to determine the helical parameters of BtubAB filaments by visualization in UCSF CHIMERA (28) , and the refined model was also used as the initial reference for the high-resolution BtubAB filament helical reconstruction.
CryoEM Sample Preparation and Imaging. BtubAB was polymerized and grids for cryoEM with helical reconstruction were prepared in the same way as for cryoET (above), except that fiducial gold was omitted. For BtubABC cryoEM sample preparation, 40 μM PdBtubAB (40 μM heterodimer, 40 μM BtubA, and 40 μM BtubB coexpressed and copurified, untagged) and 45 μM PdBtubC (tagged) were polymerized in 50 μL of buffer containing 50 mM Hepes/NaOH (pH 8.0), 5 mM magnesium acetate, 100 mM potassium acetate, 200 mM NaCl, 1 mM EGTA, and 1 mM GTP. After 10 min incubation at room temperature, the polymerization reaction was gently mixed, and 2 μL of the reaction was pipetted onto freshly glow-discharged Quantifoil Au R2/2 holey carbon 200 mesh grids (Quantifoil). The grids were blotted for 3.5 s with a blotting force of −15, a drain time of 0.5 s, and were flash frozen in liquid nitrogen-cooled liquid ethane by using an FEI Vitrobot Mark IV. The Vitrobot chamber was set to 10°C and 100% humidity. CryoEM data collection for both BtubAB and BtubABC filaments followed the same protocol. Micrographs of BtubAB or BtubABC filaments were collected on a FEI Tecnai G2 Polara microscope operating at 300 kV. Data were acquired on a Falcon III direct electron detector prototype in integrating mode at 30 frames per s and at a calibrated pixel size of 1.34 Å and a total dose of approximately 40 e/Å 2 by using the automated acquisition software EPU (FEI). Images were collected at 1.5-3.0 μm underfocus over 1.5 s.
Helical Reconstruction of BtubAB and BtubABC Filaments, Model Building, and Refinement. For BtubAB filament reconstruction, 1,394 movies were used from two separate 24-h microscope sessions. Movie frames were combined into images after initial whole-image motion correction with MOTIONCORR (29) , and CTF parameters were estimated by using GCTF (30) . All further processing was performed with RELION (31) . A few hundred helical segments were picked manually in boxes of 280 pixels and 2D classified. A few good classes were selected for automatic template-based autopicking in RELION with the helical option enabled so that the filaments were picked reliably. Overlapping segments 40 Å apart were picked. The autopicking algorithm also tracked which filaments individual particles were derived from, to be able to create two half sets for FSC determination that separate only complete filaments. The autopicking process yielded ∼300,000 particles, which were assessed by one round of 2D classification, yielding 263,972 particles. Using rough pseudohelical parameters of the BtubAB filaments as derived manually from the cryoET reconstruction (averaging BtubA and BtubB and ignoring the seam) of twist = −90°and rise = 10 Å, a 3D refinement with helical averaging was performed. The cryoET reconstruction was used as the reference structure, filtered to 30 Å. The helical parameters were refined in RELION to twist = −90.7°and rise = 10.4 Å. No mask was used during 3D refinement. In postprocessing, the resulting two half maps were used to assess final resolution by gold standard FSC, combined, masked, and a sharpening B factors was applied, yielding a final map at 4.2 Å resolution (FSC 0.143 criterion) (Fig. S1) .
For BtubABC filament reconstruction, 6,105 movies were used from four separate 24-h microscope sessions. As above, whole-image motion correction and CTF estimation were performed and initial classes for helical autopicking in RELION were produced. The same box size of 280 pixels was used. Autopicking yielded 345,777 particles, this time picked 80 Å apart. Twodimensional classification was used to select the best particles from these autopicked particles, yielding 257,656 particles that were used in 3D refinement. The initial helical parameters were twist = −5.6°(−0.7°× 4 × 2) and rise = 80.0 Å (∼40 Å × 2) that describe symmetry along one protofilament only, not averaging BtubA and BtubB and preserving the seam, but not using all symmetry available in the structure because the four protofilaments were not averaged. Helical parameters refined to twist = −5.54°and rise = 79.31 Å. Subsequent movie refinement in RELION and particle polishing yielded particles with higher signal-to-noise ratios because the final reconstruction and postprocessing (masking central 30% of the map for determination of overall parameters) produced the highest resolution map at 3.6 Å, as assessed by the gold standard FSC procedure implemented in RELION (0.143 FSC criterion) (Fig. S3) . For atomic fitting and refinement, a central portion of the map, covering BtubAB (not BtubC because of significantly weaker density) of the cryoEM filament density was cut out by using REFMAC and fitted with previous crystal structures of BtubA and BtubB [Protein Data Bank (PDB) ID code 2BTQ]. Assignment of BtubAB to their corresponding parts of the density map was done through manual inspection of side chain densities and was clear (Figs. S3 and S4 ). The atomic model was manually adjusted with MAIN (32) , and subsequent refinement against the cryoEM density was performed with REFMAC (33) in reciprocal space after back-transforming the cutout density into structure factors (REFMAC SFCALC mode) (34) . Model quality was assessed by using the standard R factor and further in MOLPROBITY (35) for stereochemical plausibility. Statistics are summarized in Table S1 . To produce an atomic model of the entire BtubABC filament, four BtubAB heterodimers and the PvBtubC crystal structure (below) were fitted into the cryoEM densities of the four protofilaments by using CHIMERA (28) and then expanding helical symmetry (twist = −5.54°and rise = 79.31 Å).
BtubC Crystallization, Data Collection, and Structure Determination. Initial crystallization conditions for PvBtubC were found by using our in-house nanolitre crystallization facility (36) using 20 mg/mL BtubC in 50 mM CHES/NaOH, 500 mM NaCl, 1 mM TCEP, 5% glycerol, pH 9.0 and 100 + 100-nL sitting drops in MRC crystallization plates at room temperature. After optimization, the best crystals were obtained in drops containing 5-8.1% wt/vol PEG 8000, 5-8.1% wt/vol PEG 1000, 200 mM lithium sulfate, 100 mM Tris/acetic acid at pH 8.5. Crystals were cryoprotected by using 30% vol/vol glycerol and flash frozen in liquid nitrogen for data collection. A native dataset to 2.5 Å was collected on beamline ID29 at the European Synchrotron Radiation Facility (ESRF) synchrotron (Table S1 ). For phasing, a mercury derivative was prepared by soaking BtubC crystals in 5% wt/vol PEG 8000, 5% wt/vol PEG 1000, 420 mM lithium sulfate, 100 mM Tris/ acetic acid, 600 mM NaCl, pH 8.5 supplemented with 0.5 mM thiomersal (EMTS) for 2 h with subsequent cryoprotection (30% vol/vol glycerol) and freezing in liquid nitrogen for data collection. A derivative dataset was collected to 2.8 Å resolution on beamline ID30B at the ESRF synchrotron (Table S1 ). The structure was solved by SAD with CRANK2 (37), leading to a rough model describing two BtubC chains in the asymmetric unit of the crystals. The initial model was refined against the native data at 2.5 Å resolution in REFMAC (33) , and the resulting phases were used for further rounds of automated model building with BUCCANEER (38) and REFMAC refinement until a complete model was obtained. The model was adjusted by using MAIN (32) and refined with REFMAC and PHENIX (39) in several rounds.
Coordinate and Map Depositions. Coordinates and structure factors of the P. vanneervenii BtubC crystal structure were deposited with PDB ID code 5O01. The BtubABC filament structure was deposited with PDB ID code 5O09, and the corresponding 3.6 Å cryoEM 3D map was deposited in the EM Data Bank with accession no. EMD-3726.
Polymerization and Labeling of PdBtubAB for TIRF Microscopy. Surface exposed lysine residues were used to label BtubAB filaments by ATTO dyes (Jena Bioscience and Pierce). Filament labeling with fluorescent dyes was performed by adopting procedures for tubulin (40) . After affinity purification or gel filtration, BtubAB was cycled through polymerization and depolymerization. Filaments were polymerized by the addition of 2 mM GTP and 5 mM MgCl 2 for 15 min. The reaction was centrifuged at 100,000 × g in a TLA 100 rotor (Beckman Coulter) for 10 min at 20°C. The supernatant was discarded, and the pellet resuspended and allowed to depolymerize in buffer (80 mM Pipes/KOH, pH 6.9, 1 mM EGTA, 0.5 mM EDTA) at 37°C or room temperature containing no nucleotide until the solution turned clear. Then, at a ratio of 1:2 (protein:dye), cycled BtubAB was incubated with dye in buffer L (80 mM Pipes/KOH, 75 mM potassium acetate, pH 7.5, 1 mM EGTA, 0.5 mM EDTA, 0.2 mM TCEP) in the presence of 5 mM MgCl 2 and 2 mM GTP to induce polymerization (30 min to 1 h). The reaction was quenched by using an equal volume of buffer L, supplemented with 75 mM potassium glutamate, and again 2 mM GTP was added. After 1 min, BtubAB filaments were separated from nonconjugated dye and monomeric BtubAB by centrifugation at 100,000 × g for 20 min over a 20% glycerol cushion (buffer L with 75 mM potassium glutamate) by using a Beckman TLA 100 rotor. After aspirating the supernatant, the pellet was washed carefully with and resuspended in buffer R (80 mM Pipes/KOH, pH 6.9, 1 mM EGTA, 1 mM EDTA, 0.2 mM TCEP) by using a cut 200-μL pipette tip. Subsequently filaments were allowed to disassemble, and protein aggregates were removed by an additional spin at 200,000 × g for 10 min. After depolymerization, the protein to label ratio was determined by using a NanoDrop ND-1000 Spectrophotometer. Protein concentrations were determined by using the calculated extinction coefficients.
In Vitro Single Filament Polymerization Assays. Microscope chambers were constructed from two silanised coverslips that were sandwiched and separated by spacers of Parafilm as described (41, 42) . Channels were incubated with anti-biotin antibody diluted 1:100 (Sigma) in PBS for 3 min for assays by using stabilized BtubAB seeds followed by two sequential washes with 40 μL of PBS. Generally, surfaces were blocked for 30 min up to 1 h with 1% Pluronic F127 (Sigma) in PBS after functionalization with antibodies. Then channels were rinsed with 100 μL of motility buffer MB (BRB80, 80 mM Pipes/ KOH, pH 6.9, 5 mM MgCl 2 , 1 mM EGTA, 1 mM EDTA, 0.2 mM TCEP, 0.01% Tween 20, 2 mg·mL −1 BSA without and supplemented with 75 mM potassium acetate unless stated differently). Before imaging, channels were equilibrated in 20 μL of motility buffer (buffer MB), containing an oxygen scavenging reaction system composed of 40 mM glucose, 40 μg·mL −1 glucose oxidase, 16 μg·mL −1 catalase, 1 mM DTT, 1 mM GTP. Labeled BtubAB alone and with BtubC in buffer MBG (buffer MB plus anti-fade, 2 mM GTP and 0.2% methylcellulose, 400 centipoise) was added in two subsequent steps of 15 μL by using Atto488 or Atto655 labeled BtubAB at different concentrations and labeling ratios (1:14 and 1:3 labeled:unlabeled). All quantifications were made from experiments that used low BtubAB labeling ratios. High labeling ratios affected growth and nucleation because filaments were observed only at slightly higher concentrations of 3-4 μM instead of 2-3 μM. Also, note the slower elongation from seeds in experiments with 2 μM BtubAB (Figs. S7 and S8) in comparison with Figs. 3D and 4A. Seeded polymerization. In general, Atto488-labeled BtubAB filaments were grown from Atto655-marked BtubAB seeds in buffer MBG. In experiments with seeded polymerization, to demonstrate treadmilling and polarity, Atto655-marked BtubAB filaments were preassembled within the reaction chamber while imaging. After sufficient formation of at least 20 filaments per field of view, a careful wash containing Atto488-labeled BtubAB was done while imaging. The wash replaced nonpolymerized Atto655-labeled BtubAB but also some filaments because they were not immobilized. Immobilized and stable BtubAB filament seeds. Buffer MBG contained only 0.05% methylcellulose to keep extensions with their tips close to the field of view and to help with washing and buffer exchanges. First, BtubAB filaments were assembled from Atto655-labeled BtubAB and biotinylated BtubAB (labeled with biotin) at a ratio of 20 nonbiotinylated Atto655-labeled BtubAB molecules to 1 biotinylated one (40 μM final) in buffer MB containing 1 mM GMPCPP, a slowly hydrolysable GTP analog, for approximately 1 h. After functionalizing the reaction chamber with antibodies against biotin and blocking as above, 20 μL of biotinylated, Atto655-labeled seeds (diluted at least 200×) in buffer MBG (containing 2 mM GTP instead of 0.2 mM GMPCPP) were allowed to bind for a maximum of 2 min. Incubation times depended on the seed dilution, e.g., at 200× diluted seeds a short flush for approximately 30 s was sufficient to obtain good fields. Afterward unbound seeds and remaining GMPCPP were removed by additional washes with 100 μL of buffer MBG. Seed binding to the surface was checked under the microscope to ensure sufficient coverage. Finally, polymerization buffer MBG containing monomeric Atto488-labeled BtubAB was added. Imaging commenced immediately after that. All microscopebased assays were conducted at 24 ± 1°C.
TIRF Imaging. Images and time series of dynamic BtubAB filaments were recorded on a back illuminated EMCCD camera (iXon EM+ DU-897E, Andor Technology) by using an inverted fluorescence microscope (Nikon) equipped with a 100× Nikon, 1.49 N.A. oil, APO TIRF objective and controlled by μManager (https://micro-manager.org/wiki/Micro-Manager). For excitation of filaments in TIRF, 488-nm and 561-nm lasers were used (both 150 mW, Coherent Sapphire, Coherent Cube). Images were acquired sequentially in multicolor experiments, by switching emission filters between GFP and Cy3 (Chroma Technology). Acquisition intervals varied from 3 to 5 s between images with exposures of 50-100 ms.
TIRF Image Analysis.
Measurement of velocities. For all quantifications, the first 30 min of experiments were analyzed. The ImageJ plugin "Kymograph" by Jens Rietdorf and Arne Seitz was used to determine growth velocity. A line of threepixel width was drawn manually originating from individual seeds and covering the corresponding filament extension and subsequently used to generate the kymograph. The elongation over time yields a slope revealing the average growth velocity of an individual plus end. Growth velocities for BtubAB alone and in presence of unlabeled BtubC were obtained from Atto488 extensions for different BtuBAB and BtubC concentrations as indicated in the experiments. Only free ends were considered for the analysis. Quantification of catastrophe times and length. Filaments were counted when they started growing as a point-like signal from an immobilized seed elongating into a filament. Catastrophe time and length were obtained from filament extensions containing a defined growing end. The time a filament spends growing until its sudden disappearance is the catastrophe time or lifetime, whereas the length is the distance the filament grew. Both were measured manually in kymographs by drawing a line along the x axis to determine the final extension before shrinkage (that is disappearance of the signal representing the dynamic filament extension) and along the y axis to obtain the time required to form the extension (with a cut off of three frames for 5-s intervals and five frames in case of 3-s intervals). After each catastrophe, a filament was considered to restart a growth shrinkage cycle de novo. The new growth shrinkage cycle happened at the end of stabilized seeds but also after a rescue on nonstabilized extensions (note this regrowth is especially the case in the presence of BtubC). A new event was defined through a phase of rapid shortening (when shortened by a minimum of 5-10 pixels in two of the subsequent images for long filaments in the presence of BtubC) followed by filament growth as indicated through a clear slope from the plus end over five subsequent images. Thus, fluctuations caused by thermal motion of the growing filament tips in and out of the field of view could be avoided. An example that we could detect short extensions is shown in Fig. S7 . All data were plotted and analyzed by using Prism (GraphPad). Analysis of filament lifetimes by using catastrophe time was conducted in analogy to Gardner et al. (19) . According to Odde et al. (43, 44) , they can be described by using a gamma distribution where the predicted number of catastrophes at a given time t are dFnðtÞ dt = r n t n-1 e -rt ΓðnÞ dFnðtÞ dt = r n t n−1 e
−rt
ΓðnÞ ðprobability density functionÞ.
Here, n is the number of steps required to induce catastrophe, and r is the rate at which such a step occurs. Cumulative distributions were generated by using the tabulate exact cumulative frequency option in Prism (GraphPad Software). Fits of the gamma distribution to the experimental data were performed in Prism by using the regular fit option with least squared analysis. The cumulative density distribution of the gamma function was applied by using the implemented incomplete and complete gamma function (Y = 1 − igamma(n,k × x)/gamma(n)) keeping n either constant n = 1 or variable starting at an initial value of 3. When n = 1, the gamma function becomes exponential (exponential decay), such as for single-step processes where catastrophes are equally likely to occur. Obtained parameters and goodness of fits are shown in Fig. S6 .
Supporting Information
Deng et al. 10 .1073/pnas.1705062114 Fig. S1 . CryoEM density map (4.2 Å) of PdBtubAB filaments. BtubA and BtubB are similar in sequence and structure so they cannot be distinguished and, hence, the map was fully symmetrised, averaging all subunits together (Materials and Methods). Because of the symmetrization, the M loop that reaches over from BtubA (only) to the next protofilament has half occupancy in this map and is only visible at much lower contour level because the corresponding loop in BtubB does not fold into the same conformation and does not contact the neighboring protofilament. Beyond this observation, BtubAB filaments, without BtubC, are similar in appearance and helical parameters to BtubABC filaments (when transformed to a different symmetry setting). Refined helical parameters were twist −90.7°and rise 10.4 Å. (7), we needed to use BtubC, which only binds to each BtubAB heterodimer once to keep BtubA and BtubB separate during the cryoEM helical reconstruction. We then needed to determine which of the monomers in the map are BtubA and BtubB. The subunit assignment was done based on the excellent quality of the 3.6 Å resolution map, which enabled the unambiguous assignment through inspection of many map regions. A and B show two such map regions, superimposed with both the BtubA and BtubB model from the crystal structure, fitted into the map with CHIMERA (28) . BtubA map and model are in red, blue for BtubB. . BtubAB concentration is the same as used for quantification and shown in Fig. 3 . Here, BtubAB is labeled 1:3, and experiments were performed under different salt concentration (100 mM KCl). Still, stabilization occurs. Note that growth seems to be affected as indicated by the shorter extensions formed from seed compared with Fig. 3 and generally slower growth velocities. Images were acquired by using the same settings as described in Materials and Methods. Apart from previously known similarity of the subunits themselves and the heterodimer (7), the two structures conserve overall polarity (chemically different ends because all subunits point in the same direction), the seam where the nature of lateral contacts between protofilaments change and alternating AB/αβ protofilaments. The M loop connecting protofilaments is also conserved. In contrast to microtubules, both BtubA and BtubB contain GDP in the polymerized and matured filament and, of course, the protofilament number is vastly different, leading to much thinner mini microtubules (and a small helical twist that is not depicted here). Percentage of residues in the Ramachandran plot (PROCHECK "most favored" and "additionally allowed" added together).
Movie S1. Electron tomography shows four-stranded BtubAB tubes. Movie through computational sections of a cryotomogram of BtubAB filaments, directly showing the four strands.
Movie S1
Movie S2. CryoEM density and atomic fit of BtubABC mini microtubules at 3.6 Å resolution. CryoEM density map with refined atomic model superimposed.
Movie S2
Movie S5. GTP hydrolysis drives BtubAB dynamics. Filaments assembled in the presence of the slowly hydrolysable GTP analog GTP-γ-S do not move across the glass surface and show random thermal motions only. Bundling seems to be increased under these conditions since filaments cannot separate through their turnover. Movie plays at 60× real time. Buffer MB is without potassium acetate and with 0.2% methylcellulose.
Movie S5
Movie S6. Dual-color experiment highlighting treadmilling of BtubAB mini microtubules. Seeded growth from dynamic BtubAB filaments as in Fig. 3A in buffer MB with 0.2% methylcellulose. BtubAB minimicrotubules treadmill, shown by the addition of green BtubAB at the plus ends only, whereas the magenta BtubAB seed (in GTP) disappears slowly by disassembly. Free magenta BtubAB subunits were replaced carefully through a wash with green BtubAB molecules, which led to net filament shrinkage from both ends during the wash. Note that plus ends shrink faster than minus ends during the course of subunit wash. Movie plays at 60× real time.
Movie S6
